The current concentration of CO 2 in the atmosphere is approximately 394 ppm [101]. In order to limit the effects of climate change on society, the IPCC recommends substantial reductions in carbon emissions over the coming decades [1]. To attain the emission reductions necessary, a suite of technologies will be required to decarbonize the global economy [2]. While wholesale implementation of noncarbon energy sources and energy efficiency measures may be technologically feasible, industries are unlikely to undertake emission reduction actions without a positive return-on-investment in the absence of GHG emission regulation. Emission reduction strategies with a positive return-on-investment include eliminating wasteful practices, by increasing efficiency of material and energy use in both production systems and business operations. Actions such as reducing energy consumption by using more efficient lighting or videoconferencing tend to have clear-cut economic benefits and can be easily implemented. However, other emission reduction strategies require the wholesale restructuring of supply chains and manufacturing processes, and involve substantial investments of time and capital. The risks associated with these investments necessitate the availability of accurate emission inventories to properly conduct a cost-benefit ana lysis for different emission reduction options. At the same time, the interests of cost control in climate change mitigation demand that accurate emissions inventories be made available with minimum expenditure. Conceptually, the requirements for emissions reductions, the positive return on investment for efficiency gains, the need for accurate emission inventories and the demand for costeffectiveness in climate change mitigation are not mutually exclusive. The synergy between these goals can be realized through product carbon footprinting (PCF) and represents a logical next step toward emission reductions in the absence of regulatory requirements.
The current concentration of CO 2 in the atmosphere is approximately 394 ppm [101] . In order to limit the effects of climate change on society, the IPCC recommends substantial reductions in carbon emissions over the coming decades [1] . To attain the emission reductions necessary, a suite of technologies will be required to decarbonize the global economy [2] . While wholesale implementation of noncarbon energy sources and energy efficiency measures may be technologically feasible, industries are unlikely to undertake emission reduction actions without a positive return-on-investment in the absence of GHG emission regulation. Emission reduction strategies with a positive return-on-investment include eliminating wasteful practices, by increasing efficiency of material and energy use in both production systems and business operations. Actions such as reducing energy consumption by using more efficient lighting or videoconferencing tend to have clear-cut economic benefits and can be easily implemented. However, other emission reduction strategies require the wholesale restructuring of supply chains and manufacturing processes, and involve substantial investments of time and capital. The risks associated with these investments necessitate the availability of accurate emission inventories to properly conduct a cost-benefit ana lysis for different emission reduction options. At the same time, the interests of cost control in climate change mitigation demand that accurate emissions inventories be made available with minimum expenditure. Conceptually, the requirements for emissions reductions, the positive return on investment for efficiency gains, the need for accurate emission inventories and the demand for costeffectiveness in climate change mitigation are not mutually exclusive. The synergy between these goals can be realized through product carbon footprinting (PCF) and represents a logical next step toward emission reductions in the absence of regulatory requirements.
Often, it is more effective for organizations to gain efficiency by focusing on specific sectors of their operations, rather than viewing the entire organization in aggregate. This same approach can be used to determine the return-on-investment of specific emission Limiting the effects of global climate change requires reductions in anthropogenic GHG emissions. However, without regulations mandating decarbonization of industrial society, emission reduction strategies must provide opportunities for generating profit. Product carbon footprinting (PCF) has emerged as a means to identify emission reduction opportunities for all economic activity by analyzing the full life cycle of goods and services. The detailed emissions inventories obtained through PCF can facilitate identification of areas in a supply chain where GHG emissions can be reduced with a positive return on investment. Despite recent efforts to standardize PCF, a lack of data and data uncertainty remain barriers to restructuring supply chains and manufacturing processes to achieve cost-effective emissions reductions. We provide a basic framework to conceptually demonstrate how data gaps can be filled and uncertainty in PCF can be more accurately assessed, while simultaneously reducing the costs of conducting PCF and yielding positive return on investment.
Perspective Waddell, Hurteau & Huntzinger reduction actions, while facilitating cost-effective emission inventory accounting with high accuracy. Much of the discussion surrounding emission reduction has focused on the emissions inventory for an organization in aggregate. Termed the carbon footprint, this concept has become ubiquitous in the climate change lexicon, yet it continues to lack a universally accepted definition [3] . PCF, the full life cycle accounting of GHG emissions associated with an individual product (see Box 1 for definition of product) from raw material acquisition through all stages of production, use and final disposal [4] , has emerged as a means of calculating a carbon footprint, which provides refined, disaggregated inventory data. PCF has two main advantages over entity-level carbon accounting. First, through application of life cycle assessment (LCA) methodology, it can provide an organization with process-specific information on the materials consumption, energy use and carbon intensity of each product it produces throughout the entire product life cycle [5, 6] . Second, it provides a means by which to report the per unit carbon intensity of its products to consumers and other producers [7] .
By using process-specific data, PCF can help producers identify high GHG intensity areas (hot spots) in their supply chains and production lines. In addition, the same process-specific data can allow producers to identify the most wasteful areas, in terms of materials and energy, in their supply chains and production lines. Armed with this knowledge, producers can focus their efforts related to decarbonization and efficiency gains in areas with the highest potential [7] . Where a reduction in energy consumption from fossil fuel sources is achieved for efficiency purposes, a concomitant decarbonization is achieved; and, with rising energy prices, such a decarbonization can be achieved with a positive return on investment.
For consumers, PCF enables product carbon footprint labeling (PCFL), which offers a free market approach to carbon management, provided a consistent methodology is used in the accounting and the claim is third-party verified. With PCFL, consumers can use product labels to voluntarily choose to lower their GHG emissions through consumption of less carbon intensive finished products [7] . Likewise, PCFL can allow producers to choose less carbon intensive input materials and products for their production system when applied to intermediary products in a supply chain. However, finding both hot spots and potential efficiency gains at the manufacturing process level and accurately reporting the emission intensity of a product on a per unit basis requires accurate data on the entire manufacturing process and supply chain. In a complicated global economy with rapidly shifting supply chains, the availability and accuracy of these data can often be limited [8] .
Over the past few years, multiple PCF standards and product category rules (PCRs) have been published in an effort to harmonize PCF methodology [4, 9, 10] . Despite efforts to standardize PCF, uncertainty in PCF calculations remains a problem [11, 12] . In addition, an integrative framework that outlines the starting point for data acquisition and a coherent flow of data dissemination through the macroeconomy has not yet been developed. In this article, we present a basic framework for focused data collection and data sharing to enhance the user friendliness and accuracy of PCF information. This framework is a means of compartmentalizing supply chains, thereby providing discrete process-level boundaries to reduce the cost of data collection for all members of the supply chain and create boundaries within which uncertainty is estimated. Coupled with making the resulting data publicly available, the proposed framework will increase methodological transparency, providing final product producers with the data necessary to quantify the carbon footprint of their products on a per-unit basis at minimum cost and help to quantify error in these estimates.
Background
PCF is a simplified form of an LCA [5, 9] , which aims to quantify the total environmental impacts of a product along the entire supply chain and all life cycle stages, from natural resource extraction through manufacturing, use and maintenance, and eventual disposal or recycling [13] . This is in contrast to a typical GHG emissions inventory, which aim to quantify GHG emissions solely from the operations of a single business or organization within a supply chain or product life cycle. Unlike standard LCAs, the focus of PCF is solely on GHG emissions and their effects on the global climate and does not consider other environmental impact categories (e.g., photochemical oxidant creation) [14, 15] . Thus, the goal of PCF is to quantify the impacts from the total GHG emissions associated with a particular product or service throughout the entire life cycle. PCF simplifies LCA methodology by employing the IPCC global warming potentials of individual GHG in order to compute the climate impacts of products and/or services [9] . In order to compute these impacts, a full life cycle GHG emissions inventory ana lysis is needed.
The strength of PCF comes in the LCA methodology that is employed during the inventory ana lysis phase for data collection. This methodology has been formalized in the requirements of the International Organization for Standardization's (ISO) 14040/14044 standards [13, 16] . Through application of this methodology, GHG emissions are accounted for all the way to the unit process level, which is not the case with other GHG inventory accounting techniques. For instance, accounting for facility-wide emissions can be accomplished by using data gathered from utility providers during routine billing (Scope 2 emissions calculation using the Greenhouse Gas Protocol methodology) [17] . While this methodology can be employed to inform a company about aggregate energy consumption (an entire factory), it does not provide information about the emissions associated with a unit of the organization's product and cannot provide information about which processes within a production facility (a single processing step) are consuming the most energy. Data collection at the unit process level requires the measurement of all inputs and outputs of materials and energy for each unit process. As an example, the New Belgium Brewing Company conducted a PCF for a six-pack of its beer. They determined that approximately 5.4% of the emissions associated with their product are produced within the boundary of their facility [102] . Of these emissions, natural gas use accounted for 71% and is used in processes such as water treatment. This accounting elucidates the GHG intensity of each unit process, and in so doing reveals the resource consumption intensity of each unit process. Refinement of the inventory makes the data useful for efficiency auditing and, in turn, makes efficiency-auditing data useful for PCF.
For a complete PCF, every unit process must be analyzed for the entire supply chain for a given product and all associated GHG emissions summed. However, tracking unit process information throughout the supply chain presents a major challenge for PCF [8] .
Collection of inventory data requires communication between multiple businesses in the supply chain. A single firm that produces a final product does not have direct access to information concerning the unit processes employed by upstream firms that provide materials and intermediary products. Downstream firms must gather information about upstream unit processes from the upstream firms who control those unit processes. With complex products, this can require multiple firms communicating across large distances and requires that consistent accounting methodology be employed in order to generate reliable unit process information.
In recent years, multiple PCF standards have been developed with the aim of facilitating communication of information between firms and establishing common, consistent PCF methodology [4] . These standards are a positive step forward for PCF, but remain lacking in the treatment of uncertainty in the GHG emissions inventory ana lysis, including scope and boundary selection. Guidance for assessing and quantifying uncertainty is given, but quantified uncertainty is not required to be reported [5, 6, 18] . Uncertainty is inevitable when final product producers at the downstream end of the supply chain attempt to back-track GHG emissions through the supply chain, as is prescribed by the current standards [5, 6, 18] . Uncertainty results from downstream producers not knowing which unit processes are employed by upstream producers, as well as not knowing the variability of those unit processes. In cases where primary data (direct measurement of the unit processes) are not available, secondary data (such as published studies for similar processes) are employed to estimate GHG emissions from upstream processes [5, 6] . Such a strategy introduces a source of uncertainty that is impossible to quantify. Even in cases where primary data are available for a given unit process (such as the volume of fuel consumed for a single leg of a transportation step) uncertainty is present in emission factors (kg CO 2 per l of fuel consumed) that are used to estimate GHGs resulting from that unit process [11] .
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The magnitude and sensitivity of uncertainty in PCF has been demonstrated by many researchers for products ranging from potatoes to petroleum, and services such as tourism [11] [12] [19] [20] [21] [22] [23] [24] [25] [26] . For example, uncertainty in PCF within the context of developing nations has been analyzed for sugar production in Africa. Plassmann et al. showed that, even while using a standardized PCF methodology, uncertainty in land-use change emissions can translate into a 1900% difference in the size of the carbon footprint of a unit of sugar [11] . In addition, the researchers demonstrated that emission factors for transportation obtained from commonly used sources vary by more than a factor of 2. Such large errors and variation caused by uncertainty reduce the overall value of PCF. When attempting to find supply-chain efficiencies that have a positive return-on-investment, organizations are not likely to accept such a high level of uncertainty.
In addition to uncertainties introduced due to a lack of accurate data, boundary selection in PCF also introduces uncertainty. Boundary selection includes choosing which GHGs to include in the ana lysis, as well as which unit processes to consider in the accounting [3, 27] . For example, when comparing biofuels to fossil fuels, emissions could be included only up to delivery of the fuel to a fueling station. Alternatively, the ana lysis could consider emissions generated from fuel combustion, as well as the differences in fuel economy in vehicles based on fuel type [28] . The choices made in selecting the system boundaries impact the results of the PCF, and thus introduce a source of model uncertainty leading to variability across studies [29] . Standardizing PCF methodology can help to reduce this variability by defining common approaches to PCF [4, 9] and establishing common rules for boundary selection. A true life cycle PCF, however, must include all GHGs and all unit processes. The current PCF standards exclude embodied emissions associated with capital goods in their methodology [6] and provide de minimis thresholds, under which emissions need not be included in the PCF [5, 6] . For some products, emissions embodied in capital goods are significant [9, 30] , and in complex supply chains the large number of unit processes can make even the smallest emitters significant once aggregated [30] . A standardized methodology that includes all embodied emissions will improve the accuracy of PCF results and improve the use of PCF for comparing goods and services.
In addition, global supply chains with interchangeable component suppliers present one of the greatest challenges in PCF [8] . A component supplier can be substituted rapidly to deal with disruptions, such as those caused by natural disasters. Therefore, there is the potential for change in the emissions associated with a specific component over a short period of time, increasing the difficulty in quantifying the PCF for the final product. This variability, coupled with the difficulty associated with collecting and analyzing inventory data for each process in the supply chain, can make the inventory ana lysis phase of PCF challenging. As an example, when a company has quantified the emissions associated with every step in its supply chain, including the associated error, and one step in the supply chain must be substituted with a supplier that has not completed an emission inventory, uncertainty increases because a mean per unit emission value must be estimated for that step.
Overall, the factors outlined above create multiple barriers for many organizations by reducing the confidence in PCF results, as well as the utility of PCF with respect to influencing decision making [19, 31] . In order for PCF to affect business decision making in the absence of regulation, the results must be as accurate as possible and the error quantified. Only then can PCF provide organizations with enough information to assess if a particular investment will result in a large enough efficiency gain to justify the risk of expenditure. PCF results must be readily available and capable of changing in real time with shifting supply chains. It is also paramount, with a lack of required GHG reporting via regulations, that PCF results be made available in a cost-effective manner. The current approach to PCF as presented in the freely available standards does not facilitate these needs. An alternative is needed.
Alternative framework for PCF
In order to accurately account for individual production methods and supplier substitution within individual supply chains, the specific inputs and outputs of all unit processes for all individual producers must be accounted for and uncertainty accurately estimated. Such detailed data collection and ana lysis can be resource intensive and prohibitively expensive for individual smaller businesses and organizations, especially when a producer utilizes many intermediary products from an array of global suppliers [8, 31] . In addition, a lack of incentive to conduct PCF in the absence of regulation may present a barrier for many organizations. Data gaps, high uncertainty and resource barriers, however, can be overcome (while incorporating profit incentive) by compartmentalizing the supply chain and using an open PCF process for data sharing. This forms the foundation of the alternative framework: each supplier focuses on gathering primary data and accurately assessing uncertainty within their scope of direct control, contributes to overall PCF cost reduction through low or no cost data sharing, enjoys the financial return on investment from efficiency gains within their scope of direct control and produces real environmental benefit through reduced GHG emissions resulting from lowered resource consumption.
Boundary selection for the alternative framework
In this alternative framework, all GHGs are included in the emissions inventory along with all other inputs and outputs for unit processes. This boundary choice eliminates a source of uncertainty that is introduced when only a select few gases are accounted for in the carbon footprint (see Box 2 for issues related to defining 'carbon footprint'). The total life cycle PCF has the boundary of all unit processes involved in the entire life cycle of the product analyzed. These boundary selections can reduce boundary selection uncertainty by including all GHGs released throughout the product life cycle.
Using a boundary that includes the entire supply chain and all GHGs does not imply uncertainty will be reduced in practice when secondary data are used in place of primary data, or no data are available at all. For this reason, the total life cycle PCF (and supply chain) has been compartmentalized in the alternative framework, with boundaries for each firm in the supply chain selected based on 'manageability' of emissions (shown as dashed boundary lines in Figure 1) . A firm is responsible for accounting of emissions from all unit processes that are owned or under direct control of that firm. Ownership and control imply a firm has access to primary data concerning those unit processes. By setting individual firm boundaries in this manner, primary data are generated for all unit processes in the PCF by those with direct control and who are most familiar with the unit processes and their variability. Uncertainty introduced by a lack of data can potentially be reduced through gathering of primary data and more accurate uncertainty estimates may be generated.
Mechanics of the alternative framework (propagation of information & targeted data collection)
Each producer contributes to increased accuracy in overall uncertainty estimates by accounting for all direct and indirect emissions, including quantification of error, for each unit process owned and operated by the firm. Using an open PCF process for data sharing, life cycle PCF can be aggregated from individual firms in the supply chain. It is also possible to derive bounded error estimates for the life cycle PCF by propagating the individual producer estimates of error through the supply chain [20, 29] . This approach requires that the PCF process begins with the most upstream producers operating at the interface of the natural environment and industrial supply chain. We refer to these upstream producers as 'primary producers', with all downstream producers and transporters involved in the supply chain up to the interface with the consumer referred to as 'secondary producers'. Flows of mass, energy and information through the proposed model of the industrial economy are outlined in Figure 1 . A key element of the proposed framework is that information for all life cycle stages of a given product and its constituent parts flows with mass and energy in real time, making upstream PCF information available to the receiving party at the time of purchase/delivery. This is in contrast to current backward looking PCFs, where a firm manufacturing and distributing a final or intermediary product attempts to back-track the GHG emissions through its own supply chain, producing a so-called cradle-to-gate PCF.
A true cradle-to-gate approach can only be undertaken if primary producers operating at the interface of the natural environment and the industrial supply chain (i.e., oil field extraction of crude oil, mineral and metal mines, Box 2. Carbon footprint versus climate footprint.
As discussed by Wright et al., the term 'carbon footprint' can be ambiguous with respect to which GHGs are included in the emissions inventory [3] . For instance, does the term imply only carbon containing GHGs be accounted for or all GHGs? Similarly, should the carbon footprint include only Kyoto Protocol GHGs and exclude GHGs covered by the Montreal Protocol? As an alternative, Wright et al. and others have proposed use of the term 'climate footprint' to refer to an inventory that includes all GHG species (including noncarbon-containing species), as is typical of a thorough life cycle assessment. We assert that the life cycle nature of product carbon footprinting (PCF) justifies inclusion of all GHGs for the purposes of PCF. Inclusion of all GHGs in PCF has potential benefits when a firm is attempting to identify the most costeffective means of reducing GHG emissions and identifying potential efficiency gains. Exclusion of any GHG can cause a firm to lose out on potential efficiency gains for processes involving excluded gases, although the relative contribution of each GHG to a firm's inventory is dependent on inputs to individual production systems. For instance, the US EPA estimates the average US supermarket store emits 1383 metric tonnes CO 2 eq/year from electricity consumption, while the same store emits 1556 metric tonnes CO 2 eq/year through refrigerant leakage [113] . Exclusion of refrigerants from the GHG inventory would result in omitting 53% of the total GHGs and prevent the supermarket from exploring GHG reduction options through refrigerant retrofitting. Without elucidation of the total GHG emissions profile of a firm's production systems, relative cost-effectiveness of emission reduction measures cannot be carried out. The term PCF is used in this article for consistency with previous publications. However, fitting with the convention of a climate footprint, our conception of PCF could also be labeled product climate footprinting. Regardless of the term chosen, PCF in this article refers to a process in which the GHG inventory includes all GHG species involved in a product's life cycle.
Perspective Waddell, Hurteau & Huntzinger timber harvested forests and agricultural production) have quantified their emissions. Producers at this interface have the ability to directly measure the initial cradleto-gate GHG inventory for their primary product, and their inventory will represent the emissions associated with raw material extraction and processing. It is at the primary production level where initial data gathering and error quantification should begin, preventing the need for emissions estimation and the associated uncertainty for this step in the supply chain. In the language of ISO 14040 [13] , materials extracted by primary producers are so called 'elementary flows' of original inputs from the natural environment (represented by flow 1 in Figure 1) .
After the initial extraction of resources, the majority of firms in the supply chain (secondary producers), including transporters, act as intermediaries investing only labor and energy into the movement, transformation and assembly of the upstream raw materials or products, depending on the location of the intermediary firm in the supply chain. These investments of labor, energy and input products should be well known as a matter of routine business. If upstream producers have accounted for their inputs, starting with the first cradle-to-gate inventory, the total supply chain embodied GHG emissions can be easily aggregated by any downstream firm, by accounting for the inputs of energy and labor they contribute and adding them to the GHG emissions embodied in the upstream materials and products. In this fashion, secondary producers complete a gate-to-gate PCF (including quantification of error) and add to the growing cradle-to-gate PCF by incorporating the information for their individual inputs and transportation needs. In this framework, the secondary producers receiving intermediary products take 'ownership' of transportation emissions (Figure 1 ) and incorporate these into their gate-to-gate partial PCF. This choice is made to reflect the ability of receiving firms to reduce transportation-related emissions by choosing suppliers in closer proximity.
Although primary producers may not have data for emissions embodied in capital goods and input products initially, these emissions can be accounted for and incorporated into the primary producer inventory once the supply chain of those input products has accounted for the cradle-to-gate emissions of the products. This alternative framework allows for feedback of embodied emissions information to primary producers, with information being delivered along with the input products. In this manner, a lack of initial information is overcome through normal economic activity after primary producers conduct the first cradle-to-gate PCF. By quantifying the mean emissions and associated error per unit of product for the gate-to-gate measurements, the overall PCF uncertainty can be accurately estimated. All producers need only focus on their own measurements and processes directly under their control, which substantially lessens the burden of data collection and resource investment for all members of the supply chain. In addition, measurements of energy use and input products/materials may already be available with known error estimates from quality control programs. In this case, calculating the gate-to-gate PCF would consist of simply collecting and organizing data already available for other purposes, and would represent a minimal investment in resources.
Example of proposed framework
The connections between the constituent partial PCFs of the total life cycle PCF can be illustrated by Targeted data collection for a full life cycle PCF begins in a cradle-togate manner, generating a partial PCF, starting with natural resource extraction (flow 1) by primary producers, who operate at the interface of the natural environment and the industrial supply chain. All GHG emissions produced by processes under the control of each producer in the supply chain (primary producers and secondary producers) are quantified by that producer (gate-to-gate accounting). As products are transported between actors in the life cycle of the product (producers, consumers and disposal facilities), emissions of GHGs generated by transportation are applied to the partial PCF of the receiving organization, illustrated by the dashed boundaries. PCF: Product carbon footprint. various circuits of mass, energy and associated information in our model. This is most clearly shown by rearranging the basic elements of the model as shown in Figure 2 , where transportation is central for the movement of mass, energy and information through the economy. For instance, let us consider the supply chain for an aluminum beverage can into the economy (in a simplified fashion). Ore is provided by the environment and extracted in an open pit mine using heavy equipment, diesel fuel and electricity. In this example, the information flow would be as follows. Metal starts as ore in the environment, is extracted at the mine and converted to aluminum stock (Figure 2 ; circuit 1). GHG emissions from these primary production processes are shown as GHGs-P (Figure 2) . Finished aluminum is then shipped to a can and beverage manufacturer via circuits 2 and 3. Because the transportation stage was used (as required for delivery) en-route to the can and beverage manufacturer, this manufacturer takes ownership of these transport-related GHG emissions (shown as GHGs-T in Figure 2 ) and adds them to its own process emissions (GHG emissions from these processes are shown as GHGs-S in Figure 2 ). This same accounting approach would apply to all receiving firms/actors in this model. A finished can is filled and then shipped to the retailer (a secondary producer in our model) via circuits 4 and 3. The retailer takes ownership of transport emissions from this circuit and adds them to their process-related emissions (i.e., electricity consumption for lighting and refrigeration). The can is then delivered to the consumer following circuits 4 and 5, either by shipping or personal transport by the consumer. Emissions associated with this transport are owned by the consumer and added to the consumer-use stage emissions (GHGs-C in Figure 2 ), such as electricity consumption for refrigeration of the can at home. Following consumption, the aluminum can travels to a disposal site following circuits 6 and 7 and the emissions associated with disposal are captured in GHGs-D (Figure 2) . Thus, the simplified circuit in this example, neglecting inputs for the production of the actual beverage (which would each require a similar circuit), is 1-2-3-4-3-4-5-6-7, where iterations of a specific circuit represent multiple secondary producers. Alternatively, if the can is recycled into aluminum stock, GHG emissions at the primary producer level would be reduced because of the absence of the ore extraction phase and the circuit would be 8-9-2-3-4-3-4-5-6-7 for direct delivery of recyclables to the primary producer. Direct delivery (8-9) could also be replaced by routing through a separate recycling plant (a secondary producer) before delivery to the primary producer (8-3-4-9). This framework clearly defines the boundaries for each firm in the supply chain and actor in the life cycle, as well as assigns transport related emissions to each firm and actor. As an example, the primary producer would be responsible for quantifying the emissions associated with circuit 1 and their processing, but would not incorporate transportation emissions from shipping to the first secondary producer. Likewise, a landfill would quantify emissions from its operations . Proposed framework for aggregating partial product carbon footprints to quantify the total life cycle product carbon footprints, by the flow of products and information through the economy. Targeted data collection begins in a cradle-to-gate manner starting with natural resource extraction (flow 1) by primary producers. Transportation emissions (GHGs-T) from one producer to the next are applied to the partial PCF of the downstream producer. Movement of materials, intermediate and finished products, and energy between any actors in the life cycle can be sequentially described using circuits of the numbered flows. The total life cycle PCF is the aggregate of the partial PCFs of all actors in the life cycle. GHGs-C: GHG emissions resulting from all unit processes controlled by the consumer; GHGs-D: GHG emissions resulting from all unit processes controlled by the disposal facility; GHGs-P: GHG emissions resulting from all unit processes controlled by the primary producer; GHGs-S: GHG emissions resulting from all unit processes controlled by the secondary producer; PCF: Product cabon footprint.
Perspective Waddell, Hurteau & Huntzinger and take ownership of transportation emissions for collection of waste from consumers.
Embodied within each of these circuits are the emissions associated with energy use, which would require that each entity have a quantification of these emissions. In the case of fuel for transportation, this would require an emissions inventory from well-head to refinery to distribution center. In this case the same framework can be utilized, where the transportation company is effectively the consumer, with the refinery being the secondary producer and the oil field owner being the primary producer. The flow of materials and energy also applies to electricity production; for instance, from natural gas, which would require an emissions inventory from wellhead to generating plant and through the grid to any actor in the system. Here, the primary producer is the owner of the well field, while the secondary producers include: the gas pipeline owner (transport of gas from the well field), the generating plant owner (electricity production) and the electric grid owner (transmission of electricity). The energy consumer is the end-user in the life cycle of electricity production.
Although we have oversimplified the global supply chain and the complexities involved with mining, petroleum production and electrical generation, the above example outlines an alternative to working through the system backwards, as is the current approach to PCF. The proposed approach, instead, has each producer (primary and secondary) focus on their own contribution to the total life cycle product carbon footprint. Thus, for each producer, the PCF becomes a more manageable activity. After each circuit transferring mass and energy between secondary producers (4-3 circuits), the downstream producer merely adds their own GHG emissions to the growing life cycle PCF and passes the aggregated PCF value on along with the physical (or intangible) item that is being shipped to the downstream receiver. Each producer must also quantify the error in their gate-to-gate partial PCF. This error will then propagate downstream from primary producer to secondary producer, and from secondary producer to secondary producer. As long as errors are accurately quantified at each processing step and accurately propagated through the supply chain, tracking error in this manner allows for more accurate uncertainty bounds in estimates of PCF. As multiple iterations of this framework occur through the real economy, uncertainty will be more accurately assessed because emissions from each input (e.g., embodied emissions in capital goods, among others) will be quantified, reducing the need for downstream producers to estimate upstream emissions. This work is not outside the scope of normal business, and has already begun within the minerals and metals sector, with uncertainty being a primary concern for wider adoption [32] .
Data sharing
Frameworks for public data sharing and aggregation have been discussed by previous authors for Life Cycle Inventories (LCI) [103] [29, 21] .
However, the open source LCI/open PCF process and all data resources could benefit from increased uncertainty ana lysis and precise, brand-specific information on the individual producer level. To facilitate data sharing and ease of accessibility, individual producers could post their cradle-to-gate and gate-to-gate PCF to individual websites for use by downstream producers. The data could also be deposited in a central repository for open access on the web. However, these data would require third-party verification to ensure their validity prior to posting.
Barriers & incentives

Individual firm financial barriers & incentives
The alternative framework addresses two financial barriers facing firms with regard to carbon accounting. First, firms may not have funds available or set aside for carbon accounting activities. Second, when funds are available, firms may see little financial incentive to conduct carbon accounting. Through the alternative framework, PCF can be initiated with minimal upfront investment compared with backward-looking PCF because a firm is only analyzing operations under their control. Therefore, individual firms can focus their resources on in-house processes that they may already have detailed information on (i.e., through quality control programs) utilizing in-house expertise. This substantially reduces the resource investment necessary to contact suppliers and gather data. Focusing efforts inhouse can also provide financial incentives by allowing firms to identify potential efficiency gains within the processes analyzed.
The data requirements for conducting a PCF inventory analysis are the same data required for efficiency
Key term
Open source: Freely available and accessible to all parties, including the public.
auditing. A focus on an individual firm's gate-to-gate PCF not only allows for potential incorporation into total life cycle PCF, but also informs the firm about unit processes that can be targeted for both decarbonzation and efficiency improvement. Efficiency improvements that lead to lower resource consumption (be it energy or input materials) provide a means to lower emissions while offering a positive return on investment. In this manner, the alternative framework redirects resources that may otherwise be dedicated to backtracking emissions in a supply chain toward both financial gain and emissions reductions. The alternative framework moves a firm beyond GHG accounting and into profitable GHG reduction.
Supply chain financial incentives
The potential for increased efficiency at the scale of the individual firm gate-to-gate should reinforce the viability of PCF for both reducing emissions and increasing profits. Even if upstream data are unavailable, efficiency gains can be made within the supply chain by individual firms and production costs of intermediary products potentially decreased. Thus, the alternative framework for PCF of a product can help reduce the resource intensity and overall costs of finished products through similar reductions for inputs. Lowering the cost of the final product offers the potential for increased market share if more resource-intensive products are displaced by a lower-cost alternative.
The open PCF framework also leads to efficiency gains in conducting PCF for the entire supply chain. Each gate-to-gate PCF completed lowers the costs for downstream producers to consider their own life cycle PCF by reducing the amount of resources required to conduct an inventory ana lysis. Not only is the effect to reduce costs (and these costs reductions will most likely be proportional to the number of firms who pursue a gate-to-gate PCF), but will also result in better industry averages for comparison of an individual firm's production system and PCF. Cost-effective PCF also translates into cost-effective labeling of goods, considering that conducting the PCF is the most resource-intensive component of PCFL. The open-PCF framework, therefore, provides a means to cheaply conduct accurate PCFs and provide reliable information for PCFL.
These financial incentives are enjoyed by the whole supply chain, not a single firm. Such distributed incentives may not motivate individual firms with small supply chains; however, they may represent a significant motivation for supply chains where substantial vertical integration is present. In vertically integrated supply chains, individual firms may depend heavily on one another, and cooperation for mutual benefit through increased sales can be an attractive proposition.
Confidentiality & disclosure barriers & incentives
In order for the open PCF process to be successful and life cycle PCF calculated, individual firms must disclose their gate-to-gate PCF information to downstream producers. However, individual firms currently enjoy the right to confidentiality with regard to PCF information. Therefore, firms must be provided with an incentive to disclose their PCF data. As discussed above, PCF can lead to lower costs in the supply chain with the subsequent financial benefits of increased market share. In addition to these benefits, PCFL can offer market incentives for firms to disclose PCF data through branding and subsequent increased market share. PCFL market share increase, however, occurs only if the market demands lower PCF products. As has been noted by some, high demand for low carbon footprint products has not been widely demonstrated [8] . Possible future incentive scenarios and outlooks for PCFL are outlined in the 'Open PCF & future PCFL work' section below.
Disclosure disincentives also exist for PCF. If a producer determines that his gate-to-gate PCF is substantially higher than a competitor, it is not in the interests of that producer to disclose his PCF information. If the market does demand lower PCF products, the high carbon intensity producer may lose market share. However, application of the alternative framework can still provide individual firm incentives without disclosure of PCF data through the open PCF process. Efficiency gains realized through the alternative framework can result in financial gain and decarbonization of the supply chain without any two firms ever communicating or disclosing their PCF data; the only information that need be exchanged is price adjustments. In this manner, the alternative framework provides a means by which decarbonization can be achieved at a profit in complete confidentiality. This benefit is not offered by backwardlooking PCF approaches. Of course, without disclosure of individual firm PCF data the life cycle PCF cannot be calculated and PCFL cannot be supported. Whereas we do not advocate for PCF without disclosure, proceeding with the alternative framework and conducting gateto-gate PCF without disclosure can provide incentives to begin PCF work without the disincentives presented by disclosure. However, regulatory intervention may be necessary to adequately address the disclosure disincentives. Future regulatory options are discussed in the 'Future regulatory support of open PCF & PCFL' section below.
Product use & disposal
In PCF, the use/maintenance and end-of-life stages of the product life cycle quantify GHG emissions that will occur in the future from the supply chain's perspective, and therefore are inherently uncertain. Incorporation Perspective Waddell, Hurteau & Huntzinger of these emissions into a PCF is difficult. The producer closest to retail distribution or direct consumer purchase (e.g., online retailers) is likely to have the most knowledge on expected consumer behavior and how their final product is intended to be used. However, because a product's use and ultimate disposal are not under the direct control of the producer, direct data gathering and aggregation of emissions from this stage may not be possible through the proposed framework. Expressing the GHG footprint per unit of consumption (based on a representative disposal scenario) could help to inform consumers about the possible impacts of their consumption. Post-purchase consumer research might also allow for the estimation of average product usage, as well as the quantification of uncertainty in these life cycle stages.
Future perspective PCRs, PCF standards & environmental product declarations
PCRs have been proposed and developed to guide producers in specific industries to enhance comparability and promote standardization of PCF and associated environmental product declarations (EPDs) [4, 107] . These rules suggest standard boundaries for PCF, common emissions factors to be used within a given industry and other unifying methodological considerations. PCRs and PCF standards could benefit from the results of open PCF, as outlined here, by enabling individual producers to more precisely account for their unique supply chains and individual processing methods. Standardized estimation of GHG emissions in the use/maintenance and end-of-life disposal scenarios within a given product category or industry may be the greatest contribution these rules and standards have to make in PCF. Development of both PCRs and standards should focus on collecting and disseminating actual primary data with quantified error for all unit processes used in applicable supply chains, and periodically updating data as supply chains develop. These efforts may help to increase confidence in comparative decisions made between products based on EPDs.
Information technology & logistics
PCF can benefit from recent developments in information technology. Ubiquitous access to the internet allows for virtually free posting of PCF information. The spread of technologies, such as radio frequency identification technology for logistics purposes, can enable automated tracking of PCF information and realtime transportation data for calculating GHG emissions at the individual shipment level. This technology is already being investigated in Japan, where electronic monitoring of truck fuel economy is coupled with radio frequency identification tags in individual packages [8] . This electronic monitoring allows for direct measurement of carbon footprints that can change daily for an individual product [8] . Application of such automated information technologies to other unit processes in the supply chain has the capacity to more accurately track uncertainty by replacing estimates of unit process data with direct measurements, while lowering the cost of collecting and sharing PCF information by reducing the associated labor costs. Whereas there are real barriers to adoption of such technologies, including cost [8] and compatibility, application of information technologies for PCF may provide fertile grounds for future research.
Open PCF implementation issues & integration with current standards
Implementation of the alternative framework will bring about similar difficulties encountered by previous voluntary GHG reporting programs. These will include methods of ensuring transparency and accuracy, and establishing public trust for PCF data reported to consumers. In addition, open PCF must achieve methodological consistency, validity and reliability for data to be correctly and accurately aggregated throughout the supply chain. The methodological complexities encountered through application of LCA techniques in PCF addressed by the current standards must also be addressed in open PCF (e.g., allocation of emissions among co-products) [5, 6] . This alternative framework does not offer inherent advantages over current PCF standards with regard to these implementation issues. In addition, other carbon accounting initiatives are addressing issues of including more life cycle GHGs in their inventories (such as the inclusion of emissions embodied in capital goods by the Greenhouse Gas Protocol's Corporate Value Chain [Scope 3] Accounting and Reporting Standard) [33] . However, this alternative framework does offer unique financial incentives not clearly apparent in the current PCF standards, as well as an economically efficient and self-improving system of data dissemination and increasing accuracy of uncertainty estimates. For these reasons, we do not propose that the alternative framework for open PCF replace current standards, nor stand apart in isolation from them. Instead, the principles proposed here would most effectively be implemented via incorporation into current standardization efforts (PAS 2050, for instance, does support gate-to-gate PCF) [6] . One potential advantage over current PCF methodology is that open PCF can provide a funding source for PCF and implementation strategies. Cost savings and increased profits realized through application of the alternative framework could generate a source of funding to support thirdparty verification programs, while the narrowed focus of gate-to-gate partial PCFs could potentially reduce the costs associated with verification.
Open PCF & future PCFL work
Application of open PCF for PCFL of consumer products can provide a cost-effective means of supplying PCF data for EPD programs, as previously discussed, providing a potential incentive over backward looking PCF methodologies. Future work to incentivize open PCF in PCFL programs could include establishment of EPDs that preserve confidentiality of unit process data, but still disclose aggregated, finished product PCF data gathered through open PCF, thereby removing confidentiality disincentives. Such a program could be supported by third-party verification to ensure methodological transparency without compromising security of trade secrets. Some preliminary research has shown an increased acceptance of such simplified PCF EPDs (such as a stoplight presentation with three tiers of PCF intensity) over detailed numerical disclosures [34] . Additionally, the incentives created by branding and potential market share increase may become greater as the economic and political environment surrounding climate change evolves throughout North America. In the grey literature, Terrachoice (a member of the Underwriters Laboratories network) noted a 73% increase in the number of products carrying 'green claims' in retail stores in North America from 2007 to 2009 [108] . From 2009 to 2010, an additional 79% increase was noted with 5296 products carrying 12,061 green claims [109] . These claims were not all related to climate impact, but do provide an interesting glimpse into the expectations of marketing strategies and the hope for branding through EPDs. Future work in this area could include case studies evaluating actual market share increase through PCFL based branding and comparison to costs accrued through application of the alternative framework.
Future regulatory support of open PCF & PCFL
Terrachoice also noted that in 2010, 95% of the green claims were displaying some amount of 'greenwashing' (or deceptive marketing practices) by their own rubric [109] . Their work suggests that validity of data in PCFL will continue to be a concern in future years. Whereas financial incentives may induce firms to engage in PCFL, regulatory intervention may be necessary to ensure transparency and accountability. The work of Terrachoice, among other influences, contributed to the revised 'green guides' drafted by the US Federal Trade Commission (FTC) [110] , the federal enforcement agency that regulates marketing claims in the USA. The green guides provide guidance to marketers on what is considered deceptive marketing practice with regard to product environmental claims. Of interest is that the green guides specifically exclude guidance on product claims based on LCA (e.g., PCF), due to variability of methodology and disagreement within the practice [110] . If regulatory support is to be sought in the future with regard to PCF, it will inevitably involve PFCLs and the FTC.
Incorporation of regulatory incentives (including disincentives through enforcement) will be an interesting area of work in the years to come. Achieving standardization in PCF that is acceptable to the FTC for inclusion in the green guides is one possible goal. Mandatory PCF labeling required through the FTC is another. Such a labeling program will be in effect for light bulbs in the USA in 2012 [111] , although the focus is transparency in energy consumption and bulb performance. Similarly, mandatory PCF labeling through regulation can address the disclosure disincentives presented in open PCF by requiring PCF data disclosure, while establishing consistent and transparent accounting methodology. In time, product performance standards for carbon intensity could be phased in, similar to performance standards for light bulbs in the USA taking effect in 2012 [112] . Regardless of the regulatory approach taken, PCF data will need improvement in accuracy and transparency in order to support arguments for PCF based rules, which can be achieved in a cost-effective manner through open PCF.
Conclusion
The open PCF framework outlined here is analogous to proposed carbon tax systems. The idea behind some carbon tax proposals is to levy the tax at the most upstream point in the fossil fuel supply chain (i.e., at the well head for oil), with resulting increased costs being passed on to downstream consumers. In the PCF framework, however, the flow through the freemarket supply chain is information rather than money, and the effect is not to increase costs for downstream producers and consumers, but to potentially lower them. Furthermore, the experience and data structures gained from open PCF will be tractable to any environmental impact category of interest and other footprinting efforts (e.g., water footprinting). Perspective Waddell, Hurteau & Huntzinger
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Executive summary Introduction
In the absence of GHG regulations, emission reduction actions must provide a positive return on investment. Product carbon footprinting (PCF) provides process-specific data, which can be used to identify potential efficiency gains in supply chains and production systems, allowing for emission reductions and cost savings.
Despite efforts to develop PCF standards, prohibitive costs and data uncertainty are problematic.
Background
Using standard PCF methodology, carbon footprint values have been demonstrated to change as much as 1900% when process-specific primary data are lacking.
An alternative approach to PCF is needed to meet the demands of decision making.
Alternative framework
Data gaps can be filled by individual producers focusing only on processes and associated uncertainty under their direct control in a gateto-gate manner.
A life cycle PCF starts with primary producers at the point of natural resource extraction, conducting an initial cradle-to-gate PCF, followed by downstream secondary producers adding their own gate-to-gate emissions to the growing life cycle PCF provided by upstream producers, resulting in a compartmentalized and aggregated PCF.
Through compartmentalizing tasks and using an open data sharing framework, generation of life cycle PCF can be made manageable and cost effective for all firms.
Barriers & incentives
The alternative framework shows capacity for future reductions in overall production costs and increased market share for individual firms. The open PCF process makes conducting PCF's more efficient, and can further reduce the costs of high quality GHG emissions inventories and carbon labeling programs. n Discusses the problems with excluding uncertainty assessment from product carbon footprints of petroleum fuels on current low carbon fuel policies.
